
����������	�

����������������������������� �"!$#&%'����(&)+*-,

.0/21436587:9<;>=4=?5@/BAC5@DE/GFIHJ.K9CLM3ONPN

Q =GR+S<T<UIVWFMX<Y�3PVWACYWV[Z\.0VWSC/GF]U�R�V[A^U
_`AC3O1-VWFaZ]3OUcbd=Bef;g3PZ�Y�=-ACZI3OA4h<DE/G5<3PZI=GA
ikj<i[l ;mV[Z]UM.�/2b-U�=GAEX^UIF�VWVWU
Dn/G5?36Z]=-A�o?;gp\qBr^s lGt _0X?7
u�vBw[xByWv�z|{4wW}[~��-yk�k���W�B�k�����-y2�k�����kvk�

���@�����������

DE/GA^b�/-YW/G5<VWR+3PY8SC/GS�V[F�ZK3OR+S<NPb�U��C/�U+SC/BFa/BNPNPVWN�Y�=GR+S<T<UI3PA<�
36Z�=GACNObK��=-F]U��^�\�C3ONPV��\�<VWA'/GS<S<NP3PY[/�UI3P=GA�Z�/GYa�<3PVW1-V�A<V[/GFINPb:NP3OA<�
V[/GF&ZIS�VWV[5<T<S���3 9 VG9Po�V�¡?V[YWT?UIVmA<V[/GFINPb£¢¤U�3OR+VkZ&e�/GZ]UIVWF&=GA¥¢
S<F�=?Y�V[Z�ZI=GFaZ�¦�9£§��C3PZ�A<=GUIV@Z]�<=��`Z:UI��/�UdSC/BFa/BNPNPVWN�Y�=GR+S<T<UI3PA<�
36Z�YW=-Z]U]�¨V�©ªV[Y�UI3P1GV��\�<VWA<V[1GV[F�ZIS�V[V[5?TCS>VW¡?YWVWVk5<Zd«�¬�­�® ¯2°G±²U��<V
SC/GF�/GNONPVWN�ZIb?ZcU�VWR³Y�=^ZcU05<3O14365?V[5E´4b&T<A<3PS<F�=4YWV[Z�Z]=-F`Y�=^ZcUk9�µCT<FI�
UI�CVWF�R�=-FIV-o[�\�CVWA"/BSCS<NO36YW/BUI3P=GACZ��C/21GVfN6/BF��GV�R+VWR+=GF�b`F�V[¶^T<3PFIVW�
R+VWA^U�Z²�·V-9 ��9Oo+q i2j R�V[�-/G´^b^U�V[Za¦�o�U��<V¥YW=-Z]UIT<S4±¸/BA�5¹�<VWACYWV
ZIS�V[V[5?T<S�ACV[Y�VkZIZ�/BF�b\U�=`´�V�Y�=-Z]U]�¨V�©ªV[Y�UI3P1GV�±gY[/BAº´�V�R:TCYa��NPV[Z�Z
UI��/BA@NO3PA<Vk/BFk9
Q /�UIV[�G=-FI3PV[Z�/BAC5£X4T<´<»cV[Y�U".0V[Z�Y�F�3OS<UI=GFaZ[¼ Q 9 i 9 j
½ ¾º¿�À�ÁGÂ4ÃWÄ
ÃkÀC¿mÅ'¿�Á�Æ�Ç|ÈkÂ4ÁBÈkÉ�¿�Â4Ã�Ê ¼JD@T<NOUI3PS<NPVJ.0/BU�/nX^U�FIVk/BRË7`FaYa�<3OUIV[Y��
UITCFIVkZ\�·R:TCNÌU�3OS<F�=?Y�VkZIZI=GFaZ�¦�Í Q 9 Î ½ÐÏKÀ�Ñ£ÒfÉ�È[Â^¿:Ó�Ô�Ã[È[Â?Ñ£Ã�Õ+¿kÄ
Ö�×CØ Ç�Ù × ÈkÇ·À Ø Ê ¼KÚfVWFIe·=GF�Rd/BACYWV:=Ge�X4b?Z]UIVWRdZ[Í�Û+9 tm½ Ü ×�Ø�×<Ö Â-ÄÑ£Â Ø È�À�Ý@Ï:ÀªÑ£ÒfÉ�ÈkÇ Ø�ÖÞ×�Ø�ßáà[Ø Ý¨À�¿�Ñ × È[Ç·À Ø Ó�Ô�ÃWÈkÂ?Ñ£Ã�Ê ¼pâACZ]U�/GNON6/�U�3O=-A>DE/BA�/B�GV[R+VWA^Uc±�°�ã�ä�«Wä|å^æ>ç�å�è&ã�é�­W¬�¯?ã�«�éJç�ê|êO¬k«aç�ë
®�ä�¬�åC9

ìaíªîðïañ^ò£óIò[ô|ò[ó�òWòkõ�ö@÷:øKùÐú�û ø]úkünû ý2ùÐþMû�ÿ��Bø��+þ ý2ÿ�� û��	�Bÿ�ùÐúWû øcüú2ÿaû øªùÐú�û�ýkø�û
�
�aü2ù û ùÐÿ�ú�ÿ���
��kþ û
���Pþ ÿ�ú�� þ	����øcø�����������û ùÐú����! \ü��aý��"� þ$#%��&('
)"* � *,+-+ ��./� 0�01���1��243�5�6�783�5�5:9Mÿ��<;�2!=> \ù û�ý�� þ?� * ý����@��Aâû øB��ù�CcùÐú��
* ÿ� D���kû øB�!E<øB�F�Oÿ��
 G�aú�Acø�&�ù û ýH�G=[ùÐú����ÐøJI!�1 K�BøB�
' )"* � *L+NM AâûJ� 0�01�
����2LO�6�P�6�7@O�6�P�Q:9@2
RBS ýkùÐþJ�����GøB�T��øcú2øB�@���Ðù�Ccøcþ�û ý2øDAcÿ�þ ûJ \ÿWü2øB��ùÐú�û
� ÿ[ü1��Acø]üU�>.WVX���Ðþ
��Y

�aú2üM÷KÿWÿWü )"* ÿ�þ�û�Z�E<øB�F�Oÿ��
 G�aú1A]ø�ÿ��[�JE[���@�����ÐøB� * ÿ� D���kû øB�(=[ù� K�1�\��û�ÿ����ùÐú<E]��ÿ>Acø]øcü2ùÐú1��þfÿ��^E���_�=`� a�b���;���� .WO�a�a�b>9�2 S ý2ùÐþL&�ÿ��
cMùÐþ�þF�����Bÿ�� û øcüùÐúd������û<�:.&÷W� ù���ýWûe#%���Bÿ��@��û ÿ��F.f�!�[ùÐÿ�ú2ù�Acþg_�ù�� ø�Aâû ÿ��@��û ø�����ù��hV�ÿ��
Acø
+ ��û ø�� ù\��� * ÿ� D G�aú2ü��1i�=>��V,���2úkü2øB�!���
�aúWû�jkV[5�5�Q1O�3�78a�b�7@O�7
O�3�6�3D�aú2ü
���LE��Jÿ�� ü2øB�<ú2ÿ�2ml,3�3�P1�>I�=>VgE]n�o��!&,����ü2þ + opE]7p0�a�3:q�6:q�0	�aú2ü *L* �L7
a1O�3:q�5�Q�Q1��I�=>V?
��@�aú�û + opE]78a�6�6�3�P�a:qr�X�aúkü�ü2ÿ�ú���û ùÐÿ�ú2þL�s� ÿ� 4�J2 S 2 t S 2
lªøB����#%���Bÿ��@��û ÿ���ùÐøcþ��>_�ù���ù û@���1u^v>�2ù��� \øcúWû * ÿ��
�Bÿ��@��û ùÐÿ�ú��r=r�kú + ù�AB��ÿ�þF.[þF7û ø� \þ�� S ýkùÐú�c[ùÐú1� + ��A�ý2ùÐú2øcþ * ÿ��
�Bÿ��
��û�ùÐÿ�ú��^�aú2üxw�ø�� ÿzy * ÿ��F�Bÿ��@��û ùÐÿ�ú�2
S ý2øDiT2 =�2%
�ÿ���øB��ú� \øcú�û�ùÐþT���kû�ýkÿ���ù�CcøcüKû ÿ<��øB��� ÿ[ü1��AcøD�aú2ü�ükùÐþ ûF��ù����kû ø
��øB��� ùÐúWû þG�Pÿ��e
�ÿz��øB� ú� \øcúWû
���������F�Bÿ�þ�øcþ�ú2ÿaûp&�ù û ý2þ û
�aú2ü2ùÐú1�{�aú:.�Acÿ��>.>7
��ù���ý�û"ú2ÿaû
��û�ùÐÿ�ú
û�ýkø�� øcÿ�ú�2 S ý2ø��[ùÐøB&�þW�aú2ü|A]ÿ�ú1A����kþ�ùÐÿ�ú2þ`Acÿ�úWû
�aùÐú2øcüý2øB��øcùÐú}��� øºû�ýkÿ�þ�ø"ÿ���û ý2øW���kû ý2ÿ���þ<�aú2ü@þ ý2ÿ����Ðü@ú2ÿaûe�Bø"ùÐúWû øB�
��� øcû øcü
�aþ�ú2øBAcøcþ�þ
����ù�� .~� øB����øcþ�øcú�û�ùÐú1�"û ý2ø0ÿ��DAcù\���,�Gÿ��Ðù�AcùÐøcþ�ÿ���ø]úkü2ÿ���þ ø� \øcú�û�þ��øcù û�ýkø���øByr��� ø]þ þ�øcüdÿ���ù� D�1�ÐùÐø]ü$�<ÿ���û ý2ø0÷W� ù���ýWûK#%���Bÿ��@��û ÿ��F.~�(�kùÐÿ�úkù�A]þ
_�ù�� ø�Aâû ÿ��@��û ø�ÿ���û ý2øTiT2 =�2X
�ÿ���ø�� ú� \øcúWû�2

�L� ���	�����@�����:� �

X4T<S<S�=-ZIV&UI�C/BU'bG=-T A<V[V[5 UI=£FITCA¥Rd/BA4bðZI3ORKT<N6/�UI3P=GA�Z�UI�C/BU
FIVk¶^T<3OF�VnN6/BF��GV
/GR+=GT<A^U�ZJ=Be"R+VWR+=-FIb-9���=GT¸Rd/2b�F�T<AgUI�CV
Z]3PR:TCNP/BUI3P=GACZJ=GA¸/ðTCA<3OSCFI=?Y�VkZIZI=GFd=-F8/
¢<�¨S<FI=?YWV[Z�Z]=-FdSC/BFa/BNO�
NOV[N�Z]b?Z]UIVWR@9<��=GT>H4A<=��¹UI�C/BU�b-=GT<F�Z]3PR:TCNP/BUI3P=GACZ�YW/GA<A<=BUº´�V
SC/BFa/BNPNPVWNP3��[V[5&S�V[F]e·VkY�U�NOb-o�ZI='Z]S�VWVk5?T<SCZM�\3ONPN�´�V:NPV[Z�Z�UI��/BAENP3OA?�
V[/GF[9�Ú�/BFa/BNPNPVWN�ZI3PR:T<N6/�U�3O=-An�\3ONPNfFIVk5?TCYWV:F�V[ZIS�=-ACZ]V:UI3PR+VGo�´<T?U
bG=-T<F\U�/-Z]H83PZ`UI=dRd/�¡?3PR+3��[V\»c=G´@U��<FI=-T<�G�CS<T?U`S�VWFMTCA<3ÌU�Y�=-Z]U[o
=GF�V[¶^T<3P1�/BNPVWA^UINPbGo�UI=8R+3OA<3PR+3��[V�YW=-Z]U]�¨S�V[F]e·=-FIRd/GACY�VJ� Y�=^ZcUº5?3Ì�
143P5?Vk5&´^bJS�V[F]e·=-FIRd/BA�Y�Vk¦�9
;g�C3PYa� ZIb?ZcU�VWR 5?=nb-=GTðZIVWNPV[Y�U�� Q =-A41GVWA^U�3O=-AC/BN��\36Z�5?=GR
ZI/2b?ZMTCZ]V:UI�<VKT<A<3PS<F�=4YWV[Z�Z]=-F[oªZI3OACYWVKZIS�V[V[5?TCSCZ0/GFIV:NOVkZIZMUI�C/GA
NO3PA<Vk/BF:�k9 ;>VmZ]�<=���oM�<=���V[1GV[F[o�U��C/�U8UI�<VmSC/BFa/BNPNPVWN0ZIb?ZcU�VWR
S<F�=�1^365?VkZ�´�VWU]UIV[FK��3 9 VG9PoCNP=���V[Fa¦�YW=-Z]U]�¨S�V[F]e·=-FIRd/BA�Y�V��\�<VWA<V[1GV[F
Z]S�VWVk5?T<S¹V�¡<YWVWV[5CZ «a¬2­�® ¯2°G±²U��<V�SC/GF�/GNONPVWN"ZIb?ZcU�VWR YW=-Z]Un5?3Ì�
143P5?Vk5 ´4bðTCA<3OSCFI=?Y�VkZIZI=GFdYW=-Z]U[9��0T<FdFIVkZ]TCNÌUd36Z+A<=BU+UI3PV[5¥U�=
Z]3PR:TCNP/BUI3P=GA�o?´<T<U`�<=GN65<Z�e·=-F`/BNPN�/BS<S<NP36YW/�U�3O=-ACZ[9
µCT<FIUI�<V[FIR+=GF�VGo���V��CA�5 UI�C/BU>�\�<V[A /BS<S<NP36YW/�U�3O=-ACZE�C/21-V
NP/GFI�-V³R�V[R+=GF�b F�V[¶^T<3PFIV[R�V[A^U�Z �·V-9 ��9Oo�q ikj R+VW�^/B´4b^UIVkZ�¦�o
UI�<VnYW=-Z]UIT<S?±g/GAC5²�<VWACYWVnZ]S�VWVk5?T<S�A<VkY�V[Z�Z�/BF�b�UI=£´�V
Y�=^ZcUI�
V�©ªV[Y�UI3P1GV�±¸YW/GAd´�V0R:TCYa�dNPV[Z�Z�U��C/BAdNP3PA<V[/GF[9f§��<36Z�36Z�´�V[YW/GTCZIV
UI�<V�SC/GF�/GNONPVWNfZ]b?Z]UIV[R 5?=4V[Z�A<=BUºA<V[V[5'¢>UI3PR+V[Z0UI�CV�R+V[R�=-FIb
=Be�U��<V0TCA<3OSCFI=?Y�VkZIZI=GFkoGZI3OA�Y�VMS�/BFa/BNPNOV[NO3s�W3PA<�:/`»c=G´'Fa/BF�VWNPb:RKT<NÌ�
UI3PS<NP3OVkZ\3ÌUaZ\R+VWR+=GF�bdF�V[¶^T<3PFIV[R�V[A^U�Z�´4b"¢�9
§��CFIV[V�5?VkYW/-5?V[Z�/B�-=K7`Rd5</G�<N�/BF��GT<Vk5+UI��/�U�V[/GYa�JR�3PNPNO3P=GA?�
3OA�ZcU�FITCY�UI3P=GACZ]�¨S�V[F]�âZ]VkY�=-AC5���D@pcÚ�XC¦¹=Be�S<F�=4YWV[Z�Z]3PA<�³S�=���V[F
Z]�C=GT<N65ð´�VE/GYWYW=GR+SC/GA<3OVk5�´4b i R+V[�-/B´4b^UIV&=Be0R�V[R+=GF�b ½ Î Ê
�·S�9 i sG¦�9	�0T<F�F�V[ZIT<NOU�Z�Y[/BA"´�V�3PA^UIV[FIS<F�V�U�V[5�/-Z�UI�CV�Y�=-A41GVWFaZIV�=Be
7`Rd5</G�<NF� Z�5?3PY�UIT<R@¼D��/-Ya� i R+VW�^/B´4b^UIV�=Be�R+V[R�=-FIb&Z]�C=GT<N65
´�V"/-YWYW=GR+SC/BAC3OVk5'´4b i D@pcÚ�XJ=BefS<F�=4YWV[Z�Z]3PA<�KS�=���VWFk9fp¨e�=GACV
S<F�=4YWV[Z�Z]=-F�5?=4V[Z�A<=GU�S<F�=�143P5?VMVWA<=-T<�G�dS�=���V[F[o^R:TCNÌU�3OS<NPVMSCFI=G�
Y�VkZIZI=GFaZ�ZI�<=-T<NP5:´�V�TCZIV[5"UI=�Rd/BHGV�V�©ªV[Y�UI3P1GV�TCZIV�=Ge<UI�CV�R+V[RK�
=GF�b�� Z�YW/GSC/GYW3ÌUcb8/BAC58´C/BA�5?�\3P5?UI��9

� ��� û øB��ú���û ù ��øB� .>�U.�ÿ���A]ÿ��1�Ðü��kþ�ød���2ú2ù��1��ÿ>A]øcþ þ�ÿ���þ8û�ÿ ùÐú�AB��ø��aþ�øû ý���ÿ��1��ý����kûN�aúkü�.�øâû���øâû@�aùÐú³û ý2ø þ@�� \øNAcÿ�þ û�7p�Bø����Pÿ��F G�aú�Acø��aþÿ�ú2ø��2ú2ù���� ÿrAcøcþ�þ ÿ������¸û ù� \øcþ&û ý2ø�Acÿ�þ ûnü2ù �[ùÐü2øcü��>.��gû ù� \ø]þ8û�ý2ø
�BøB�F�Oÿ��
 G�aú�Acø�2

i



REPORT DOCUMENTATION PAGE
Form Approved

OMB No. 074-0188
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data
needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to
Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-4302, and to the Office of Management and Budget, Paperwork
Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave
blank)

2. REPORT DATE
9/1/1994

3. REPORT TYPE AND DATES COVERED
Report 9/1/1994

4. TITLE AND SUBTITLE
Cost-Effective Parallel Computing

5.  FUNDING NUMBERS

6. AUTHOR(S)
David A. Wood and Mark D. Hill

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
    REPORT NUMBER

Booz Allen & Hamilton
8283 Greensboro Drive
McLean, VA 22102

9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
      AGENCY REPORT NUMBER

Computer Sciences Department
University of Wisconsin-
Madison
1210 West Dayton Street
Madison, WI  53706  USA
11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for public release; Distribution is unlimited

12b. DISTRIBUTION CODE

A

13. ABSTRACT (Maximum 200 Words)

Many academic papers imply that parallel computing is only worthwhile when applications
achieve nearly linear speedup (ie execute nearly p times faster on p processors). This note
shows that parallel computing is cost-effective whenever speedup exceeds costup-the
parallel system cost divided by uniprocessor cost.  Furthermore, when applications have
large memory requirements (eg 512 megabytes) the costup--and hence speedup necessary to be
cost-effective--can be much less than linear.

14. SUBJECT TERMS
IATAC Collection, parallel computing

15. NUMBER OF PAGES
5

16. PRICE CODE

17. SECURITY CLASSIFICATION
     OF REPORT

UNCLASSIFIED

18. SECURITY CLASSIFICATION
     OF THIS PAGE

UNCLASSIFIED

19. SECURITY CLASSIFICATION
     OF ABSTRACT

UNCLASSIFIED

20. LIMITATION OF ABSTRACT

UNLIMITED

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102



������� ��� ��� � �K���	� �

§�=8e·=-FIRd/GNO3s�WV+=GTCF�FIVkZ]T<NOU�Z[o�NPV�U�U��<V+UI3PR+V+UI=EVW¡4VkY�T?U�V'/K»c=G´
�\3OUI�
¢²S<F�=?Y�V[Z�ZI=GFaZ�´�V
	���

�4�Ì¢�¦�9�Ú�/GF�/GNONPVWN�Z]b?Z]UIVWRËS�VWFIe·=GFI�
Rd/BACYWVº3PZ\=Ge|UIV[A@Ya��/BFa/GY�U�VWF�3��[V[5dT�Z]3PA<�&­¨°?éaéaè�¯2°�¼

� ¢��������^¢��Ì¢�¦�� i�� 	���

�4�Ì¢�¦
i�� 	���

�4� i ¦ �

	���
��4� i ¦
	���
��4� ¢�¦��

��V�U�U��<VJYW=-Z]U"�\3ÌU��&¢ S<FI=?YWV[Z�Z]=-F�Z0´�V�� � � 	�� ¢�¦�98§��<V8Y�=-Z]UY�=-T<N65>´�Vº»cTCZ]U"UI�CVd�C/BFa5?��/BF�V�YW=-Z]Ud�·e·=GF"SCFI=?Y�VkZIZI=GFaZ[o�R�V[R��
=GF�bGofp"!$� 5<VW143PYWV[Z[of´C/GYaH4S<N6/BA<VkZWo�S�=���V[FKZIT<S<S<NP3OVkZWo�VWU�YG9 ¦¹=-F
3PACY�NPTC5?V�Z]=Ge|Uc��/GFIV`YW=-Z]U�ZM�·UI�<VºY�=^ZcUaZ�=Ge�´<T<3PNP5?3PA<�:UI�<V0SC/BFa/BNPNOV[N
/BSCS<NO36YW/BUI3P=GA /GAC5ðZIb?ZcU�VWR ZI=Be|Uc��/BF�VGo�/BR+=GFIUI3s�WVk5£=�1GV[F"UI�CVW3PF
V�¡?S�V[Y�UIV[5+NP3Oe·V�UI3PR+Vk¦�9�7`AC/GNO=-�G=GT�Z�UI="ZIS�V[V[5?T<S�o-��V\3OA^U�FI=?5?TCYWV
«a¬2­�®�¯2°dUI=dYa�C/BFa/GY�UIV[FI3s�WV0SC/BFa/BNPNOV[N�Z]b?Z]UIV[R Y�=^ZcUk¼

� � � 	��^¢�� ¢ª¦�� � � � 	��Ì¢�¦
� � � 	�� i ¦��

§�=&5?V�U�VWF�R�3PA<V:UI�<V�Y�=-Z]U]�¨V�©ªV[Y�UI3P1GV[A<V[Z�Z`=Ge�/'Z]b?Z]UIV[R&o�S�VWFI�
e·=GF�Rd/BACYWV /GAC5áY�=^ZcU�/BF�V¤=Ge|UIVWA Y�=GRK´<3PA<V[5áUI= �-V�UÞ«�¬�­�® ë
°<é�ã$#�¬Bã&%+çBå�«aé�¼

«a¬�­a®�ë6°<é�ã$#�¬Bã&%+çBå�«aék� ¢�¦'� � � � 	�� ¢ª¦
i�� 	���

�4� ¢ª¦ �

Ú�/BFa/BNPNPVWN�YW=GR+S<T?U�3OAC�>36Z�R�=-FIV@Y�=^ZcUI��VW©�VkY�U�3O1-VJ�\�<V[A<VW1-VWF�3ÌUaZ
Y�=^ZcUI��S�VWFIe·=GF�Rd/BACYWV+3PZ:´�VWU]UIV[F8� Z]Rd/BNPNPVWF�¦�UI�C/GAð/@T<A<3PS<F�=4YWV[Z]�
ZI=GF1� Z[¼
«�¬�­�® ë6°<é�ã$#�¬Bã&%+çBå�«aék� ¢ª¦)( «a¬2­�®�ë6°?éWã$#�¬�ã&%dç�åª«aé[� i ¦ �

X4T<´�ZcU�3ÌU�T?UI3P=GA FIV[1GVk/BN6Z'=GTCF8S<F�3PACY�3PSC/BN�F�V[ZIT<NÌU&UI��/�U@SC/BFa/BNPNOV[N
Y�=-R+S<T?UI3PA<�+36Z\R+=GF�VºYW=-Z]U]�¨V�©ªV[Y�UI3P1GV��\�<VWA<V[1GV[F[¼

� ¢*�+���,�-¢�� ¢ª¦.-/� � � 	��-¢�� ¢ª¦ �
�0T<F:F�V[ZIT<NOUK36Z"U�FIT<V-o�3OA �GVWACVWFa/BN�of/GAC5ð5?=4VkZ"A<=GU�5?V[S�V[AC5
=GAJUI�<Vº/GZ�ZIT<R+S?UI3P=GACZ���VMRd/BH-V0´�VWNP=��gU�=KYW/GNPYWT<N6/�UIVºZIS�VkY�3���Y
1�/BNPT<V[Z[9�;g�C/�U�YW=GACZ]UI3OUIT?U�V[Z�YW=-Z]U�5?VWS�VWAC5CZ�T<S�=GA+=GA<V$� ZfS�=G3PA^U
=Be�1^3PVW��9"7�Y�=-R+S<T?UIV[Fº1GVWA�5?=GF0R+/2bnZIVWV�Y�=^ZcUaZ0/-ZMU��<V+Z]T<R
=Be�FIVkZ]Vk/BFaYa�'/BAC585?VW1-VWNP=GS<R+V[A-Uko<Y�=-R�S�=GACVWA^U�Z[o4R+/GA4T?e�/GY�UIT<FI�
3PA<�Co4/BAC5d/-5?1GV[F]U�3PZI3PA<�CoB�\�C3ONPV0/"YWTCZ]UI=GR+V[F�Rd/2bK143PVW�gY�=^ZcU�/-Z
S<T<FaYa�C/-Z]V�S<F�3PYWVG9
;g�<3ONPV�UI�<36Z�U��<VW=-FIVWUI36YW/GNGF�V[ZIT<NÌU�3PZ�3PA-U�VWF�V[Z]UI3PA<�Cok3OU��C/-Z�S<Fa/GY��
UI36YW/GN?3OR+SC/-Y�U��\�<V[AdY�=-Z]UITCSCZ�/BF�V�NPV[Z�Z�UI��/BA+NO3PA<Vk/BFk9�;mV`Z]�<=��
´�VWNP=��ÞUI�C/BUºUI�<36Z��C/BS<S�VWA�Zº�\�<VWA>R�V[R+=GF�bn5?=GR+3PAC/�U�V[ZºZ]b?Z]�
UIV[R YW=-Z]U[9

0 �213�21 � � �54 �21 �:�76

D@V[R�=-FIb²36ZJ/BAg3PR+S�=-F]Ua/BA^U8YW=GR+S�=-A<VWA^U&3OA�U��<V
�C/GF�5<��/GFIV
Y�=^ZcUaZf=Be�UI=?5</2b�� ZfRd/-Ya�<3OACV[Z[9�70ZIZIT<R+V�UI�C/BU�=GT<Fª»c=-´KF�V[¶^T<3PFIVkZ

 R�V[�-/G´^b^U�V[Z�=-AJ/�T<A<3PS<F�=?Y�V[Z�ZI=GF�/GAC58
�9CR+VW�^/B´4b^UIVkZ��\3OUI�
¢ES<F�=?Y�V[Z�ZI=GFaZW9��·p¨e�143OFIUIT�/BN�R+VWR+=GF�b'36Z\TCZIV[5�o:
�/BAC5

 9 /BF�V

5?V�U�VWF�R+3OA<Vk5"´4bºUI�CV�»c=-´L� Z���=GF�H43OA<�0Z]VWU�F�V[¶^T<3PFIV[R�V[A^U�Z�F�/BUI�<V[F
UI�C/GA'´4b�UI�<V�Rd/�¡?3ORKT<R R+VWR+=GF�bKF�V�e·V[FIV[ACY�Vk5�9Ð¦:_0Z]TC/GNONPb;
 9
3PZºN6/BF��GV[FMU��C/BA�
ËUI=@S�VWF�R+3ÌU�U��<V+FIV[S<NO36YW/BUI3P=GA>=Be�ZI=GR+Vd/BS<�
S<NP3PY[/�UI3P=GA�=-F"=GS�VWFa/�U�3OAC�nZ]b?Z]UIVWR Y�=?5?V'=-F:5</BU�/nZ]UIF�TCY�U�T<F�V[Z[o
=GFd´�V[Y[/BTCZIV@SC/BFa/BNPNOV[N���=-FIH43PA<�mZIV�UaZd/BF�V8N6/BF��GV[F[9²;g�<V[A/

3PZ�ZIRd/BNPN�=GF�¢£3PZºN6/BF��GV-o<
 9 R+/2bE´�VdR:T�Ya�>N6/BF��GV[FMU��C/BA�
>o
´�VkYW/GTCZ]V2
 � ¢'S<T?UaZ�U�=4=�e·VW�gR+VWR+=-FIb+Ya�<3PSCZ��\3OUI�JV[/GYa�dSCFI=G�
Y�VkZIZI=GF�UI=E/-5?V[¶^TC/BUIVWNPb
Z�/�U�3PZ]e·bEUI�CVdS<FI=?YWV[Z�Z]=-Fr� Z�´C/BAC5<�\3P54U��
FIVk¶^T<3OF�VWR+V[A-UaZW9 Q =GACZI3P5<VWF�/\SCFI=?Y�VkZIZI=GFªU��C/�U�A<VWVk5<Z�/GA>=��¨´4b-U�V
5</�Ua/BSC/BUI�JUI=�V[/GYa�J=Be�Uc��=:3PA^UIVWF�NPV[/21GVk5+´C/BACH4Z[9fp¨e�U��<V0R+V[RK�
=GF�bJ36Z`3PR+S<NOV[R+VWA^UIVk5@�\3ÌU��nÎ'R+VW�^/2��=-F�54�¨´4b^��ÎK´<3ÌU�5?b4AC/BR+36Y
?`70DnZWo�UI�CV'R+3OA<3PR:TCR R+VWR+=-FIbmZ]3s�WVdS�VWFKS<FI=?YWV[Z�Z]=-F�36Z t Î
R+VW�-/G´4b-U�V[Zº�·ÎdR+V[�-/2��=GFa5A@:=�´4b-U�V[Z�S�VWF`´�/BA<HB@ j ´�/BA<H?Za¦�9
_0Z]T�/BNPNOb-o��<=���VW1GV[F[o�ZI3O�-A<3���YW/GA-U�R+VWR+=GF�bðY�=^ZcU��\3ONPN�UIV[AC5
UI=KR+/GHGV�Y�=-Z]UITCSCZ�NPV[Z�Z�UI�C/GA'NO3PA<Vk/BFk9f§��C3PZ�3PZ�´�V[YW/GTCZIV0/"S�/BFI�
/BNPNOV[N�ZIb4Z]UIV[R 5?=4VkZ�A<=BU"ACVWV[5@¢£U�3OR+VkZºUI�<VJR�V[R+=GF�bn=Be�UI�CV
T<A<3PS<F�=4YWV[Z�Z]=-F[o�ZI3PACY�V�SC/BFa/BNPNPVWNP3��[3OA<�@/K»c=G´mF�/GFIV[NObERKT<NOUI3PS<NO3PV[Z
3ÌUaZfR+VWR+=GF�b�FIVk¶^T<3OF�VWR+V[A-UaZ�´^b\¢E��3 9 VG9Po�
 9�C ¢)@D
E¦�9�;>V\YW/GA
VWR+S<�C/-Z]3s�WV�U��<3PZ`3OA@A<V[� ZIS�V[V[5?TCS@/GAC5&Y�=-Z]UITCS8Vk¶-T�/�UI3P=GA�ZW¼

� ¢*���+�,�^¢�� ¢FEG
�EG
 9 ¦H� 	���

�4� i EG
E¦
	��I
��4� ¢FEG
 9 ¦ E

� � � 	��-¢�� ¢JE"
KE"
 9 ¦.� �L� � 	��Ì¢JE"
 9 ¦
� � � 	�� i EG
E¦.�

Ú�/BFa/BNPNOV[N�YW=GR+S<T?U�3OAC�d3PZ�R+=GF�V�Y�=^ZcUI��VW©�VkY�UI3P1GVº�\�<V[A�¼
� ¢*���+�,�^¢�� ¢FEG
�EG
 9 ¦)-/� � � 	��-¢�� ¢JE"
KE"
 9 ¦ �

M�T?U`�<=�� 5<=^VkZ�R+VWR+=GF�bJ/�©ªV[Y�U`FIVk/BN�Y�=^ZcU�T<SCZ��

� 4 �ANa���PORQ8� 13� N �

7MZ�/�Y�=GA�Y�F�V�UIV0V�¡</BR+S<NPVGo4��VMTCZIVºY�T<F�FIV[A^U�X43PNO36Y�=-A
S�Fa/BS<�C3PY[Z
� XTS�p]¦�SCFI36Y�VkZMU�=EZ]�<=�� UI�C/BU"/GY�U�TC/BN�YW=-Z]UIT<SCZ�Y[/BAm´�V+RKTCYa�
NOVkZIZ�UI�C/GAdNO3PA<V[/GF�e·=GF�Z]b?Z]UIVWRdZ��\3OUI�d�4T<A�5?FIVk5<Z�=Ge�R+VW�^/B´4b^UIVkZ
=BeJRd/G3OA R�V[R+=GF�bG9$;mV�YW=GACZI365?VWFm�C/BFa5?��/BF�V Y�=^ZcUaZWo�´<T?U
A<=BUJZI=Be|Uc��/BF�V&=GA<VkZdZ]3PACY�V@��Vn5?=£A<=BU'H4A<=�� �<=��áU�=�A<=GA<�
Y�=-A-U�FI=�1-VWFaZ]36/BNPNPbmR+Vk/GZIT<FIV@U��<V
N6/�UIUIV[F[9¹7`NPN0SCFI36Y�VkZ'/BF�VENO36Z]U
S<F�3PYWV[Z+3PA²_:9 Xª9�5?=GNPNP/GF�Z+/-ZK=GeVUGT<NPb i q<o iXW,W Î ½ q Ê 9�;mVE3O�G�
A<=GF�V�U��<V�1-=GNPT<R+V�5?36Z�Y�=GTCA-UaZ�U��C/�UfRd/2bMe�/21-=GF�T<A<3PS<FI=?YWV[Z�Z]=-F�Z[9
X43PACY�V&��V8U�/GHGVJUI�<V&F�/BUI3P=
=Ge`Uc��=>NO36Z]U�S<F�36Y�V[Z[o�=-T<F�¶^TC/GA^UI3O�
U�/BUI3P1GV'F�V[ZIT<NOU�Z:/GNPZI=E�<=-NP5�VW¡</GY�U�NOb>�\�<VWA¥/E1GV[AC5?=GF:�G3P1GV[Z:/
Y�TCZ]UI=-R+VWF�UI�CV"ZI/GR�V�5?36Z�Y�=GTCA-U\=-A8´�=BU��@ZIb?ZcU�VWRdZ[9
X?3ONP3PYW=GAYS�F�/GS<�<36YWZ�S<F�=45<TCY�UaZ0Fa/BAC�GVKe·FI=-R NO=����âY�=^ZcUº5?V[ZIH^�
UI=-SE��=-FIH?Z]U�/�U�3O=-ACZ�UI=dR+3PNONP3P=GA?�â5?=GNPN6/BFMZI�C/BF�V[5?��R+VWR+=-FIbdRKT<NÌ�
UI3PS<F�=4YWV[Z�Z]=-F�Z[9 ;mV e·=?YWTCZm=GAÞU��<VW3PFmZIVWF�1GV[F
S<F�=?5?TCY�U�Z[o�ZI=
=GT<F�Y�=-R�S�/BF�3PZI=GA@�\3PNON�A<=BU�´�VK´<36/GZIV[5E´4b&V�¡?S�V[ACZI3O1-V:�GFa/BSC�?�
3PY[ZnV[A<�G3PA<V[Z>/BAC5¹R+=-A<3ÌU�=GFaZW9 7�UnU��<V NP=����¨VWAC5�oºU��<V²X?3ONP3Ì�
Y�=-AZS�Fa/BSC�<3PY[Z Q LM7[�J�!�.\[Sg�nX�36Z�/��C3O�-�<NOb^�âY�=-R�S�V�U�3ÌU�3O1-VWNPb^�
S<F�3PYWV[5"R+=-A<3ÌU�=GFI��NPV[Z�Z�TCA<3OSCFI=?Y�VkZIZI=GF���=-FIH?Z]U�/BUI3P=GA�ok�\3ÌU��K/0NO36Z]U
S<F�3PYWVK=Ge)] ikt o tGlGl 9�LM=���V[1GV[F[o�´�VkYW/GTCZ]V�3OUº36Z�SC/GYaH�/G�GV[5
/GZ�/
Z]Rd/GNONG5<V[ZIH-U�=GSºT<A<3OU[okU��<V Q LM7[�J�!�.\[Sg�nX0�C/-Z�/�Rd/�¡?3PR:T<R
R+VWR+=GF�bmZI3s�WV'=Ge j q t R�V[�-/G´^b^U�V[Z[9E;g�<3ONPV j q t R+VW�^/B´4b^UIVkZ

j



0

2

4

6

8

10

12

14

16

100 1000

co
st

up

m megabytes

p=32
p=16
p=8
p=4
p=2

uniprocessor

µ�3P�GTCFIV i ¼�X:S�p�YW=-Z]UIT<SCZ��\3OUI�@A<=+R+VWR+=-FIb'=�1-VWF��<V[/-5
E[���@�����ÐøB��Acÿ� D���kû ùÐú���ùÐþJ \ÿ���ø Acÿ�þ�ûF7|ø � øBAâû�ù ��øh&�ýkø]ú�þ
�Bøcø]ü1���2þ�ø�yrA]øcøcüû ý2ø��������	�>� ) ��

��

���p9m�Oÿ��$�G�1��ÿ>A]øcþ þ�ÿ���þ ) ükù � øB� ø]ú�û��ÐùÐúkø]þ@9[�aúküD \ø� \ÿ���.þ�ù�Ccø��  \øB�:���:.[û øcþ ) y>78��ykùÐþ@9�2 S ý2ùÐþ,���@���kýg�aþ�þF�� \øcþ�ú2ÿK \øB \ÿ���.�ÿz��øB��7ý2ø��aü ) � ��� �<9@2 S ý2øk�8�2úkù�����ÿ>Acø]þ þ�ÿ��F'��ÐùÐú2ø[��øB��� ø]þ øcúWû þm�(�kú2ù�����ÿ>Acøcþ�þ�ÿ��
&�ù û�ý0ü2øB��øcú2øB�@��û økAcÿ�þ ûF���ºÿ��,O�2

36Z"Z]T��dYW3OV[A^U�e·=-F"Rd/BA4b
YW=GR+S<T?Ua/�UI3P=GA�ZWo�3OU"36Zºe�/BFºU�=^=EZIRd/BNPN
e·=GF\Rd/GA^bJ=Be�UI�<V�N6/BF��GVº/BAC58NP=GA<�+F�T<A<A<3PA<�'/BSCS<NO36YW/BUI3P=GACZ���V
R+3O�-�^U`��/GA-U�UI=dS�/BFa/BNPNOV[NO3s�WV-9
§�='/-Ya�<3OV[1GVºN6/BF��GVWF�R+VWR+=-FIb&YW/BS�/GY�3OUcb'F�V[¶^T<3PFIVkZ�S<T<FaYa�C/GZ]�
3PA<�:/:5<V[ZIH4ZI365?VMY�=-A%�C�-T<F�/BUI3P=GA�o^Z]T�Ya�'/GZ�U��<V Q L072�F�(�.\ Sg�
.ºD£9^§��CV[ZIV05?VkZ]H?ZI3P5?VMT<A<3OU�Z�YW/BA'ZIT<S<S�=GFIU�TCS?UI= t �G3P�-/G´^b^U�V[Z
=Be�S<�4b?ZI3PY[/BNMR+V[R�=-FIb-o�´<T?U&/BU8/ðZI3O�-A<3���YW/GA-U8S<FIV[R+3OT<R@¼£/
T<A<3PS<F�=?Y�V[Z�ZI=GF Q L072�F�(�.\ Sg�¥.ºD�NO36ZcUaZ�e·=-F\/B´�=GT?U2]2r�=Co Î lGl
S<NPTCZ�/G´�=-T?U ] i[l-l S�V[F�R�V[�-/G´^b^U�VG9�§��C3PZ�F�V[ZIT<NOU�Zf3PA'/�T<A<3PS<FI=G�
Y�VkZIZI=GF\YW=-Z]U�=Gec¼

� � � 	�� i EG
E¦H� ]Br�=GÎ lGl�� ] i[l-l @X
 �
µ<=GF�Y�=-R�S�/BF�3PZI=GA�o���V:TCZ]V"UI�<V+X43ONP36Y�=GA�S�F�/GS<�<36YWZ Q L072���

�(�'\[Sg���[�J/-Z�U��<V�SC/BFa/BNPNOV[N-ZIb?ZcU�VWR��B9f§��<V Q L072�F�(�.\ Sg�
�[� 36Zn/²Fa/GYaH^��R+=-T<A^UIV[5 ´<TCZ]�¨´C/GZIV[5 R:T<NOUI3PS<F�=?Y�V[Z�ZI=GF&UI�C/BU
ZIT<S<S�=GFIU�Z j U�=+Î l S<FI=?YWV[Z�Z]=-F�Z��\3ÌU��&/+Y�=^ZcU�UI��/�U`Y�NP=-ZIVWNPb�e·=GNO�
NP=��`ZW¼

� � � 	��Ì¢JEG
 9 ¦H� ] = i[t-lGl�� ] jBlGl-lGl @]¢ � ] i[l-l @L
 9 �
X4T<´�ZcU�3ÌU�T?UI3P=GAEF�VW1-V[/BN6Z[¼
� � � 	��-¢�� ¢FEG
�EG
 9 ¦.� j � ikj q � l � q j<i @I¢ �ðl � l-l-jBt @L
 9

i�� l � lGl-jGt @L
 �
µ�3P�GTCFIV i 3ONPNOT�ZcU�F�/BUIV[Z�YW=-Z]UIT<S�Z0�\3OUI�ðXTS�p0S<F�3PYWV[Z�/BA�5nU��<V

� S ýkùÐþ�Acÿ� D������ùÐþ ÿ�ú�ùÐþ�þ�ÿ� \ø�&�ý���û	�2ù\�aþ ø]ü�û ÿz&L��� ü2þfû ý2ø �2ú2ù��1��ÿ>A]øcþ�7þ�ÿ�����þ�ùÐú�Acø�û ý2ø *�� �!# # u^I�
�u~_ + �2þ�øcþ,�KO�P�P +�� C��Lb�b:P�P	����ÿ>Acøcþ�þ�ÿ��
�@��û ý2øB��û ý��aú+û ý2øHO�3�P +�� Ce�(b�b:P�Pg�1��ÿ>A]øcþ þ�ÿ���ÿ���û ý2ø * � ��# #�u�I�
�u
w�#]2X=[ù��Ðù�Acÿ�úH
��
���2ý2ù�Acþ�ü2ÿ[øcþ�ú2ÿaû!A��1�
��øcú�û
� .Mþ ø������K�2ú2ù��1��ÿ>A]øcþ þ�ÿ���ü2øcþ
c:7þ�ùÐükø	�2ú2ù ûL&�ù û�ý`û�ýkøT�s�aþ û øB�L����ÿ>Acø]þ þ�ÿ���2

0

2

4

6

8

10

12

14

16

100 1000

co
st

up

m megabytes

p=32
p=16

p=8
p=4
p=2

uniprocessor

µ�3O�-T<FIV j ¼�XTS�p�YW=-Z]UIT<S�Z��\3ÌU�� iklGl�! R�V[R+=GF�b'=�1GV[FI�<Vk/G5
E[���@�����ÐøB� Acÿ� D���[û�ùÐú����8ø���øcú ù �¤ù û �kþ�øcþ O�P�P#"  \ÿ�� ø  \øB \ÿ��F.
) � � � 6$�<9"�8ùÐþH \ÿ���øWAcÿ�þ û�7|ø � ø�Aâû ù ��ø~&�ý2øcú>þF�Gøcøcü����kþ:ø�yrAcø]øcü
û�ý2ø
�������	�r� ) ��
%�&

� � 9�2

=GS?U�3OR+36ZcU�3PY:/GZ�Z]T<R+S?U�3O=-AJU��C/�U0SC/BFa/BNPNOV[N�Y�=-R�SCT?UI3PA<�dF�V[¶^T<3PFIVkZ
A<=J/-5<5?3OUI3P=GAC/GN�R+VWR+=GF�b£�$
 9 � 
@¦�9M.M3O©ªVWF�VWA^U0NP3OACV[Z`F�VWSCFIVW�
Z]V[A^UMUI�CV:A4T<R:´�VWF�=Be�SCFI=?Y�VkZIZI=GFaZ�¢�o��\�C3ONPV"U��<V"¡4�â/�¡?3PZM�G3P1GVkZ
UI�<V8R+VWR+=GF�bmZI3s�WV 
�3OA R�V[�-/G´^b^U�V[Z[9n§��<V85</BU�/>Z]T<SCS�=-F]UaZ
=GT<F\SCFI3PACY�3PSC/GN�FIVkZ]T<NOU[¼

;g3OUI� FIVk/BNºS<F�3PYWV£5C/�U�/CoMSC/GF�/GNONPVWN�YW=GR+S<T?U�3OA<�
YW/GA ´�VER+=GF�V&YW=-Z]U]�¨V�©ªV[Y�U�3O1-V&/BU+ZIS�VWV[5<T<SCZ+R:T�Ya�
NPV[Z�ZmUI�C/GA ¢ e·=GF�N6/BF��GV¥´<T?UðS<Fa/GY�UI36YW/BN+R+VWR+=-FIb
ZI3��[V[Z[9

µ<=-F:Z]b?Z]UIV[R+ZºF�V[¶^T<3PF�3OA<�nq ikj R+VW�-/G´4b-U�V[Z[o�e·=GF:V�¡</BR+S<NPVGo =��ao
i[t ��o�/BAC5 r j �¨S<F�=?Y�V[Z�ZI=GF'ZIb4Z]UIV[RdZ&/GFIVmR+=GF�V>YW=-Z]U]�¨V�©ªV[Y�U�3O1-V
UI�C/GA�/ T<A<3PS<F�=?Y�V[Z�ZI=GFm�\�<VWA�Z]S�VWVk5?T<SCZ£VW¡?YWVWVk5 r<9 r<o'q<9 l o
/BAC5 =<9 t o0FIVkZ]S�V[Y�UI3P1GVWNPbG9 §��<V[ZIVmZIS�VWV[5<T<SCZ@Y�=-FIF�V[ZIS�=-AC5�U�=
é
'�«Wä�é�åª«�ä�é�­�± � ¢������,�-¢�� ¢JE"
@¦ � ¢<±�=Ge0=GACNOb l 9 Î i o l 9 r j o�/GAC5l 9 j s?9 ;g�<3PNOV q ikj R+VW�-/G´4b-U�V[Z8Rd/2b¤Z]=-T<AC5 NO3PHGV£/²NO=GUE=Be
R+VWR+=GF�bðe·=-FJ/�T<A<3PS<F�=?Y�V[Z�ZI=GFko�3OUJ36Z'=GACNOb t ÎCo\r j o\/BAC5 ikt
R+VW�-/G´4b-U�V[Z�S�VWF+S<F�=4YWV[Z�Z]=-F:e·=-F8=��ao i[t ��o�/BAC5²r j ��S<F�=?Y�VkZIZI=GF
Z]b?Z]UIV[R+Z[9

M�T?U��\�C/�U��C/BSCS�V[ACZ`�\�<V[AnSC/GF�/GNONPVWN�Y�=GR+S<T<UI3PA<�'F�V[¶^T<3PFIVkZ
R+=GF�VdR�V[R+=GF�bnUI��/BA£TCZI3OA<�>/@T<A<3PS<FI=?YWV[Z�Z]=-F�� µ�3P�GTCFIV j 3PNÌ�
NOT�ZcU�F�/BUIV[ZMY�=-Z]UITCSCZ��\3ÌU�� i[l-l(! R+VWR+=-FIb8=�1GVWF��<Vk/G5�Í4U��C/�U`36ZWo

 9 � j @ 
m9 �0T<FdS<F�3OACYW3OS�/BN\F�V[ZIT<NÌU'36Zd¶^TC/BNP3OU�/�U�3O1-VWNPbðT<A?�
Ya�C/BAC�GV[5�¼KSC/GF�/GNONPVWN�Y�=-R�SCT?UI3PA<�>Y[/BAðZ]UI3PNON�´�V8YW=-Z]U]�¨V�©ªV[Y�U�3O1-V
/�U'ZIS�V[V[5?T<S�Z+R:TCYa�²NOVkZIZ�U��C/BA²NP3OA<Vk/BFk9¥;g�CVWA�R+VWR+=GF�b�3PZ
Z]Rd/GNON�o�5<=GT<´<NP3PA<�£SC/BFa/BNPNOV[N�R�V[R+=GF�b Y�=^ZcU+�C/GZ+NP3OU]UINPVnVW©�VkY�U[9
;g�<VWA¥3ÌU�3PZKN6/BF��GVGofY�=^ZcU�T<SCZ�/BS<SCFI=^/GYa� j 9 l 3PACZcU�V[/-5�=Be i 9 l o
´<T?UM/GFIV�Z]UI3PNON�RKTCYa�&NOVkZIZ�U��C/BA@NP3OA<Vk/BFk9

r



4 �:� ��� � � � ���>NLN 6

;g�<3PNOV`XTS�p�Y�=-Z]UITCSCZf/BF�V�3PA-U�VWF�V[Z]UI3PA<�Co���V�YW/BAK�GV[A<VWFa/BNP3��[V�U��<V
F�V[ZIT<NÌU\TCZI3PA<�'/+Z]3PR+S<NOVº�C/GF�5<��/GFIVºY�=^ZcU\R+=?5?VWN�¼

� � � 	�� i EG
E¦H���f� i ¦ ��� �$
E¦&E
� � � 	�� ¢JE"
 9 ¦.���f� ¢�¦ ��� �$
 9 ¦ E

�\�<V[FIV � 36Z\R+VWR+=GF�bJYW=-Z]U\/GAC5��n36Z�U��<V"Y�=^ZcU\=BefVW1-VWF�b^UI�<3PA<�
VWN6ZIV"�·VG9 �C9PoGSCFI=?Y�VkZIZI=GF2��Za¦�oB5<3PZIH?ZWo-´C/GYaH4S<N6/BA<V-oBS�=���V[F�Z]T<SCS<NOb<¦�o
A<=-FIRd/BNP3s�WV[5@ZI=dUI��/�U	�f� i ¦'� i 9\§��<3PZMR+=45<VWNf/GZ�Z]T<R+VkZ�UI�C/BU
R+VWR+=GF�bnY�=^ZcUaZ�UI�<V'Z�/BR+V�3OA�/&T<A<3PS<F�=?Y�V[Z�ZI=GF�=GF�/&SC/BFa/BNPNOV[N
ZIb4Z]UIV[R =Ge`/BA4bmZI3s�WVG9@;g�<3PNPV'UI�C3PZ�/GZ�Z]TCR�S<UI3P=GAðZIVWVWRdZ�F�V[/B�
ZI=GAC/G´<NOV��G3P1GV[A8YWT<FIF�VWA^U�UIVkYa�<A<=GNP=G�-3OVkZWo4Rd/BF�HGVWUI3PA<�KYW=GACZI365?VWFI�
/�U�3O=-ACZ�Y[/BAºRd/BH-V�SC/BFa/BNPNPVWNGZIb?ZcU�VWR R�V[R+=GF�bMR+=GF�V�V�¡?S�VWACZI3P1GV
½ r Ê 9�_MZI3OA<��U��<3PZ`R�=?5?V[N o�Y�=-Z]UITCS836ZW¼

� � � 	��-¢�� ¢JE"
KE"
 9 ¦H� �f� ¢�¦ ��� �$
 9 ¦
i���� �$
E¦ �

p¨eMR+VWR+=GF�b�Y�=-Z]U�ZK/BF�VJA<V[�GNP3O�-3O´CNOV-ofUI�<V[A Y�=^ZcU�T<S 36Z
�f�Ì¢�¦�9
§��<Vº1�/BNPT<Vº=Be��f� ¢ª¦�Y[/BA&´�VºNPV[Z�Z�UI�C/GA+¢&3Oe�U��<VWF�Vº3PZM/KZI3O�-A<3Oe|�
36YW/BA^UH�<¡?Vk5�Y�=-Z]U�e·=GF:´�=GUI�ð/ET<AC3OS<F�=?Y�VkZIZI=GF"/GAC5£/@SC/BFa/BNPNOV[N
ZIb4Z]UIV[R@9k�0AJU��<Vº=BUI�CVWF\�C/GAC5�o��f� ¢ª¦�YW/BA&´�V�R�=-FIV0UI��/BA+¢@3Ìe
UI�CVU�C¡4Vk5>YW=-Z]Uºe·=GF�/&T<A<3PS<FI=?YWV[Z�Z]=-F036ZºR:TCYa�mNPV[Z�Z�UI�C/GA
U��<V
�<¡?V[5 Y�=-Z]U:e·=-F�/
SC/BFa/BNPNPVWN�ZIb?ZcU�VWRË=GF:UI�<V&3PA-U�VWFaY�=-A<A<V[Y�UI3P=GA
A<VWUc��=-FIHEY�=-ACZ]UI3OUIT?U�V[Z�/8NP/GFI�-V:SC/GF]Uº=Be�U��<V+SC/BFa/BNPNPVWNfZ]b?Z]UIVWR
Y�=^ZcUk9f;g�<VWA
�f�Ì¢�¦ -
¢�oC/�SC/BFa/BNPNPVWN�Z]b?Z]UIV[R YW/GA<A<=GU�´�V"Y�=^ZcUI�
V�©ªV[Y�UI3P1GV��·V[1GV[AK�\3OUI��NO3PA<Vk/BF�Z]S�VWVk5?T<SCZa¦�T<A^UI3PN<R+VWR+=GF�b"Y�=^ZcUaZ
´�V[Y�=-R+VºZI3P�GA<3���YW/GA^U[9
�0T<F:S<F�3PACY�3PSC/BN�F�V[ZIT<NÌUkof�<=���V[1GV[F[o�3PZ:Rd/BA<3Oe·V[Z]U��\�CVWA�U��<V
R+VWR+=GF�b'Y�=^ZcUaZ�/GFIVºZI3O�-A<3 ��YW/BA^Uk9�;g�<V[A8R+V[R�=-FIb'YW=-Z]U�5<=GR��
3PAC/�U�V[Z[ofUI�<V@Y�=^ZcU�T<S /BSCS<FI=^/GYa�<VkZ � �$
 9 ¦ ��� �$
E¦�9£p¨e � �$
E¦�36Z
S<F�=GS�=GFIUI3P=GAC/GN\UI=P
>o`UI�<V[A � � 

96¦ ��� � 
@¦K� 
�9 � 
 /GAC5g36Z
NP3OH-VWNPb0U�=M´�V�RKTCYa�"NPV[Z�Z�U��C/BA`¢�9�D@=-FIV�3OR+S�=GFIU�/BA^U�NOb-oBY�=-Z]UITCSCZ
YW/GA+´�VMZIRd/BNPN<�\�<V[AdVW1GV[A+R�V[R+=GF�b:Y�=^ZcU�/GFIV`ZI3O�-A<3���YW/GA-U�´<T<U
A<=GU�5?=-R�3PAC/GA-Uº�·V-9 ��9Oo^3Ìe�R�V[R+=GF�bK36Z���/BNOe�UI�<V0T<A<3PS<F�=4YWV[Z�Z]=-Fr� Z
Y�=^ZcUko � � 
@¦H� i � l ¦�9
§��<3PZMFIVkZ]TCNÌU�R+/2b&Y�=-R�VK/GZM/JZ]T<F�S<F�3PZIV�U�=dUI�<=^Z]V:�\�<=J5?VW�

�CA<V�S�/BFa/BNPNOV[NªZIb?ZcU�VWR V#�'Y�3PVWACYWb'�\3OUI� � ¢��������^¢��Ì¢�¦ � ¢�9�;g3ÌU��UI�C3PZ85?V:�CAC3ÌU�3O=-A�o��]V �dYW3OV[ACY�b��£36Z'Rd/�¡?3PR+3��[V[5�/�U i 9 l �\�CVWA
¢ � i 9¸;g�4b¥UI�<V[A¸5?=���Vd�CAC5�SC/GF�/GNONPVWN`ZIb?ZcU�VWRdZâ±g�\3OUI�
VW1-VWA+R+=?5?V[Z]U�ZIS�V[V[5?T<S�Zâ±�UI=�´�V`R+=GF�V��]V �dYW3OV[A^U��$�&§��<VMV�¡4�
S<N6/BAC/BUI3P=GAð36ZKUI�C/BU � ¢������,�-¢�� ¢�¦ � ¢ð36Z�S<F�=4YWV[Z�Z]=-F]�âY�V[A^UIF�3PYG¼K3OUR+V[/-Z]T<F�V[Z�UI�<V0T?UI3PNO3s�[/BUI3P=GAd=GeªSCFI=?Y�VkZIZI=GFaZf´<T?U�3O�-A<=GF�V[Z�R�V[R��
=GF�bG9J�0T<F\F�V[ZIT<NOU�Z\ZI�<=��¸U��C/�U`�\�CVWA@R+VWR+=GF�b'36Z\Z]T �'YW3OV[A-U�NOb
N6/BF��GVJ� /BAC5
V�¡?S�V[ACZI3O1-Vk¦�oªR+=GF�V"U��C/BA>=GA<VKS<F�=4YWV[Z�Z]=-FMZI�<=GT<N65
´�V'TCZIV[5mUI=
R+/GHGV'VW©�VkY�U�3O1-V'TCZIV'=Be�UI�CV'R+VWR+=GF�b>Y[/BSC/-Y�3OUcb
/BA�58´�/BAC5?�\3654U���9�§��<36Z�FIVkZ]TCNÌU`Rd/2bJ/GNPZI=dYW/BNPN�3PA-U�=d¶-TCV[Z]UI3P=GA
UI�CV"�\3PZ�5?=-R =Be�UI3PR+V��âZ]��/BF�3OA<�+N6/BF��GVW��R+VWR+=-FIbº»c=-´CZ\�\3OUI�<=-T?U
Y�=-ACZI3P5?V[FI3PA<�ðR+V[R�=-FIb^�¨S<F�=4YWV[Z�Z]=-F+3OA^UIV[F�/-Y�U�3O=-AgR�VWUIF�3PY[Z'NP3OH-V
UI�CV"Z]SC/-Y�VW� U�3OR+VºS<F�=45<TCY�U ½Oi�Ê 9

0 � N���� � ��� �:���
µ<V[��SC/GS�V[F�Z�/-5<5?F�V[Z�ZmUI�<V¸YW=-Z]U]�¨V�©ªV[Y�UI3P1GVWACV[Z�Z>=Ge&S�/BFa/BNPNOV[N
Y�=-R�SCT?UI3PA<�C9 µ<T<NPNPVWF ½ r Ê YW=GR+SC/BF�V[5�U��<V R:T<NOUI3PS<F�=4YWV[Z�Z]=-F
Q DE_ Q 9 R+R+S8��´C/GZIV[5:=GA:UI�<V\.<� Q Ú�.0Ú iGi ! jBl /GAC5 i-i !�Î l
S<F�=4YWV[Z�Z]=-F�Za¦+�\3OUI� UI�<VmT<A<3PS<F�=?Y�V[Z�ZI=GF8.<� Q Ú�.�Ú�� i[l 9 LMV
e·=GT<A�5 Q 9 R+R�S UI= ´�V¥U��<F�VWV²UI= e·=GT<FmU�3OR+V[Z£R+=-FIV�Y�=^ZcUI�
V�©ªV[Y�UI3P1GVGÍC�<=���V[1GV[F[o?�<36Z\F�V[ZIT<NOU�Z���VWF�V"5?VWS�VWAC5<VWA^U`T<S�=GA@UI�CV
Z]S�V[YW3 ��Y0SCFI=?Y�VkZIZI=GF�/BAC5m��5<3Ì©ªVWF�3OAC�^¦�R+VWR+=GF�b'Y�=^ZcUaZ�=Ge�UI�CV[ZIV
Z]b?Z]UIV[R+Z[9
µ�/BN6ZI/X� /GAC5 ;>=4=?5 ½ j2Ê 3OA41-V[Z]UI3O�
�-/BUIV[5"UI�<V\YW=-Z]U]�¨V�©ªV[Y�U�3O1-VWA<VkZIZ�=Be�UI�<V�;g36ZIYW=GACZI3PA:;g3PAC5K§�T<A?�
A<VWN��·;g;¸§`¦�SC/BFa/BNPNPVWNCZI3ORKT<N6/�UI=-F[9�;g;¸§�FITCACZ�=-A'/�§��<3OACH-�
3OAC�&DE/-Ya�<3OACV[Z Q D&�âqn�|UI�CVK�<=^ZcU�¦�oª´<T?UºR+=?5?VWN6Z0UI�<VKS<FI=?YWV[Z]�
Z]=-F�Zf/GAC5�R�V[R+=GF�3OVkZf=Be�/GNÌU�VWF�AC/�U�3O1-V\YW/GYa�CV��âY�=G�CVWF�VWA^U�ZI�C/BF�V[5?�
R+VWR+=GF�b£R+/-Ya�<3PA<V[Z&�|U��<V&U�/BF��GVWU�Za¦��\3OUI�¥VWA<=-T<�G� 5<V�U�/G3ON�U�=
FITCA Ua/BF��GV�U+V�¡?VkY�T?Ua/B´<NPV[Z[9¥µ�/BN6ZI/X�²/BA�5 ;m=4=45 e·=GTCAC5¥UI�C/BU
;g;¸§ 36ZºR+=GF�V�YW=-Z]U]�¨V�©ªV[Y�UI3P1GVKUI�C/GA>T<AC3OS<F�=?Y�VkZIZI=GFºZ]3PR:TCNP/B�
UI3P=GACZ�e·=GF�ZcU�TC5?b43PA<�"N6/BF��GV\Ua/BF��GV�U�Z]b?Z]UIVWRdZ0�·VG9 �C9Po4r j =-F�R+=GF�V
A<=?5?V[Za¦�o�´�V[Y[/BTCZIVKUI�<=^Z]V�FITCACZº5?VWRd/BA�5n1�/GZ]U��C=-Z]U�R+VWR+=-FIb-9
�0T<F\��=GF�Hd�GVWACVWFa/BNP3��[V[Z�UI�<V[3OF\F�V[ZIT<NOU[9

� � � ��N>�@���:� � �
§��<36Z�SC/GS�V[F�YW=GR+SC/GFIVk5�UI�<VºY�=^ZcUI��S�VWFIe·=GF�Rd/BACYWV\=Be�/"TCA<3OSCFI=G�
Y�VkZIZI=GFd/BA�5²/£S�/BFa/BNPNOV[N`Z]b?Z]UIVWR e·=GF'Rd/�¡?3PR+3��[3OA<�mU��<FI=-T<�G�<�
S<T?Uk9�;mV�e·=GTCAC58UI�C/BUMSC/BFa/BNPNPVWN�Y�=-R+S<T?UI3PA<�'36Z`YW=-Z]U]�¨V�©ªV[Y�U�3O1-V
�\�<VWACVW1GV[F�Z]S�VWVk5?T<S£V�¡<Y�V[V[5<Z'«a¬�­a®�¯2°B±�UI�CV�S�/BFa/BNPNOV[NfZIb?ZcU�VWR
Y�=^ZcU:5?3P143P5<V[5m´4b
T<A<3PS<F�=?Y�V[Z�ZI=GF�Y�=^ZcUk9Jµ<T<FIUI�CVWF�R�=-FIV-o��\�<V[A
/BS<SCNO36YW/BUI3P=GACZ��C/21-V0N6/BF��GV�R+VWR+=GF�bdFIVk¶^T<3OF�VWR+V[A-UaZº�·VG9 �C9PoCq i2j
R+VW�-/G´4b-U�V[Za¦�o�U��<VdY�=^ZcU�T<S4±¸/BAC5>�<VWA�Y�VdZ]S�VWVk5?T<S£A<VkY�V[Z�Z�/BF�b
UI=&´�VdYW=-Z]U]�¨V�©ªV[Y�U�3O1-V�±¸YW/GAn´�V+RKTCYa�>NPV[Z�Z0UI�C/GA
NP3OACV[/BFk9"pâA?�
UIT<3OUI3P1GV[NOb-o4�\�<VWA'R+V[R�=-FIb�36Z�ZIT �'Y�3PVWA^UINPb+NP/GFI�-V"��/GAC5dV�¡?S�VWA?�
Z]3P1GV2¦�ofR+=GF�V+UI�C/GA�=GA<VJS<FI=?YWV[Z�Z]=-F�R+/2bm´�VJA<V[V[5?Vk5mUI=nV ���
Y�3PVWA^UINPbJT<UI3PNO3s�WVºU��<V�R+VWR+=GF�bG9
7MRd5</B�<Nf/BF��GTCV[5&UI��/�UºV[/GYa�
DEpcÚ�X@=Ge�S<FI=?YWV[Z�Z]3PA<�dS�=���V[F
Z]�C=GT<N65@´�V�/GY[Y�=GR+SC/GA<3PV[5&´4b i R+V[�-/B´4b^UIV�=Ge�R�V[R+=GF�bG9\;mV
�CAC5nUI�<V+Y�=-A^1-VWFaZ]V-¼G��/-Ya� i R+VW�^/B´4b^UIVK=Be�R+VWR+=GF�bEZ]�C=GT<N65
´�V"/-YWYW=GR+SC/BAC3OVk5'´4b i D@pcÚ�XJ=BefS<F�=4YWV[Z�Z]3PA<�KS�=���VWFk9fp¨e�=GACV
S<F�=4YWV[Z�Z]=-F�5?=4V[Z�A<=GU�S<F�=�143P5?VMVWA<=-T<�G�dS�=���V[F[o^R:TCNÌU�3OS<NPVMSCFI=G�
Y�VkZIZI=GFaZ�ZI�<=GT<N65�´�V�T�Z]Vk5ºUI=0´C/BN6/BACYWV�UI�CV�R+VWR+=-FIb�� Z�YW/GSC/GYW3ÌUcb
/BAC58´C/GAC5?�\3654UI��9

� ��� � ��� N � ��� �21 � � ���
§��<36Z ��=-FIH ��/-ZËS�V[F]e·=-FIR+V[5 /GZËS�/BFIU =Be UI�<V$;g36Zc�
Y�=-ACZ]3PA ;g3PAC5 §�T<A<A<V[NÞS<FI=G»cV[Y�U[o �\�<36Ya� 36Z³Y�=B�¨NPV[5 ´4b
Ú�F�=Be�Z[9 DE/BF�H L`3PNON�oKU-/BR+V[Z/��/GFIT�ZWon/GAC5 .�/2143P5 ;>=4=?5
� ������� �"!�!W�2�k���â�2���·�-y2�2��� �kvk�#!$�%!W�2���#!$&%'��2w�y2��!����������%��{^� =GF)( ���
( �*���â�2���·�-y2�2��� �kvk� +&�Wvm�2��� ¦�9 M�/B´C/GH µC/GNPZ�/��á��/GZ / Y�=G�
/BT?U��<=GF�=BeªUI�<VMSC/BS�VWF�UI�C/BU�3OA�Z]S<3PF�V[5�UI�C3PZ���=-FIH ½ j2Ê 9-,M3PF�/GA�»c3OU
DE/G5C/BA
SCFI=�14365?V[5
X:S�pMS<F�3PYWV�5C/�U�/C9:.0=GT<��M�T<FI�-VWFko<M�/G´C/BH
µC/GNPZ�/���o UB3PR S�=4=?5?Rd/BA�o�X4�4T<´<TmD@T<H4�<VWF »cVWV-o�.�/2143P5�\`36Y�=-N o

Î



7`ACA<V8?\=G�-VWFaZWo<S�T<F�3�X?=G�<3�o�/BAC5�UB3PR�X4R+3OUI�m�-/21GVK1�/BNPTC/B´<NPV
e·VWVk5?´C/-YaH�9

0 � � � � � � � � �
� ���������	��

������������� ��������� 
��	�����! "��#%$�
�&'��(*)!+,).-0/21�3547698�:<;�3�=?>�@?A'BDC

��EGF'HDI �KJ FKL �0M�N�CPO���Q��	��#*RS��
]�KN'T�U��
� � ��V.�0R5�0WYXS��� ZD�K[%�0��\]�Y��^�� \
_Y�K`a$�$�\S��b!$'Zc�Dd�����
ce7$'
�#f�0��g��h$�e5�.���0
	��� � ���

bi$�#%Q����	��
jO�� #*���k�K�D$�
?�!lm�an�=�-0o�@�@�p0698�:�B*-�q2nS(
rs;ut v0w�CS�x��� &D�0N'N0y��
� F �zO��0#*�����P{]�PX���� � ��
?�!�|
�� g��Kd��h��
ceG$�
�#f����g��sb!$'#%Q���
�� Z�$'�"$0e!bj� #%#%Q�����\

�D}��]�|����~8��U��ilm�<n|=�-0o��j����67=�p���8P4m@�=?8��'476m-08��'��;5A'/*1�-0B?693�/�-08�)j-0/��
1�3S4m@�=*(j=�o���6G4c@?oK493�=�@?C�Q5�0�'��Z,�0N'J L#� U � CS���0���5�0
�&D�0N�T'�x�

� y0���x$'}�������{s��������Z�Zc&�����\��Y��^�� \�_]�����K���D��
�Z�$'�S��)j-0/*1�354c@?=2(s=�o?��6�4m@�o��
473�=�@0�.(��.3P�08P476G4m�'4769>�@
(j1�1�=�-���o?���i "$�
��x�����
�0��e7#f�0���SC��0N�N�U��

� JK���|\<�.��� \�����R���gD}P�")��s(
�������2���u;�@?=�>�@�=�n.@?=�p06m-0p06mo<�������k@?�fO�� � � g�$��� 
	�0Q�}�� g�Zsb!$'#%Q����D��
.O�&�Z��	��#%Z?C5��g��	$'RS��
��0N�N F �

q


